dorsal horn neurons while dl1-dl3 classes differentiate into deep dorsal horn neurons. Further differentiation leads to the formation of excitatory, inhibitory and peptidergic interneurons, and ascending tract cells.
Most ventral horn interneurons are derived from four embryonic subclasses referred to as V0, V1, V2, and V3. Motoneurons represent another primary neuronal class sandwiched between V2 and V3. It is clear that later differentiation steps are required to further subdivide these classes into the diversity of adult spinal motoneurons and interneurons seen. Transcriptionally identified spinal neurons early in development are now being related to their physiological operation and identities in postnatal cord. V1 interneurons develop into ipsilaterally projecting inhibitory interneurons that include the Renshaw cells and Ia inhibitory interneurons described earlier.
In the adult, remarkably variable and complex interconnections are seen between neurons even within an individual functional class. Thus, while developmentally controlled transcriptional interactions set the initial substrate for network function, network complexity must occur through on-going activity-dependent mechanisms.
Perspective
The spinal cord is commonly viewed as a separate structure from brain that functions as a simple relay between brain and body. As should be clear from the above, this is an inaccurate view, perhaps amplified by a gross anatomical discrimination. The brain and spinal cord are one continuous structure comprising the central nervous system, bounded by a common blood-brain barrier, and arising from a common progenitor ancestry. A more holistic and appropriate physiological view would see the spinal cord as blending with the brainstem and having many shared functions, including somatosensory amalgamation, postural/movement control, respiration, autonomic function and an enormous integrative capacity. Some early anatomists described the cord central gray matter interior as anatomically analogous to the brainstem reticular formation, suggesting a close kinship between these structures. This is a view to which I subscribe.
A rationale for the enhanceosome and other evolutionarily constrained enhancers
Dmitri Papatsenko and Mike Levine
Metazoan enhancers direct localized stripes, bands and cell-specific patterns of gene expression during development (for example [1] ). A typical enhancer is a 500 base pair DNA segment that contains clustered binding sites for two or more sequence-specific transcription factors. Roughly half of all enhancers are located somewhere in the 5′ flanking region of the associated transcription unit, while the other half are distributed among introns, 3′ flanking regions or even protein-coding sequences (for example [2] ). Bioinformatics studies suggest that enhancers usually contain a flexible arrangement of binding sites (for example [3] ). Here, we present a model to explain why a special subset of enhancers contains a fixed organization.
The dorsal-ventral patterning of the Drosophila embryo is controlled by Dorsal, a sequencespecific transcription factor related to mammalian NF-κB (reviewed in [4] ). It is distributed in a broad nuclear gradient with peak levels in ventral regions and progressively lower levels in lateral and dorsal regions. Dorsal works with two additional sequence-specific transcription factors that are encoded by Dorsal target genes: Twist and Snail. Twist is a basic-helix-loophelix (bHLH) activator, while Snail is a zinc-finger repressor.
The combination of gene fusion assays, bioinformatics methods, and ChIP-chip assays identified ~30 target enhancers that respond to different concentrations of the Dorsal gradient (for example [2, 4] ). We examined the orthologs of every enhancer in 12 different Drosophila species for the occurrence of fixed pairwise arrangements of 17 relevant binding motifs [5] [6] [7] [8] using Shannon information entropy (see Figure 1 and Supplemental data available online with this issue). Linked Dorsal and Twist binding sites produced the best scores among all examined motif combinations (Table 2S in the Supplemental data). The special linkage of Dorsal and Twist is seen only for a specific class of Dorsal target genes, the type 2 genes, which are activated by intermediate levels of the Dorsal gradient and low levels of Twist in the neurogenic ectoderm ( Figure 2A ) [2, 4] . All five type 2 enhancers contain optimal Dorsal and Twist binding sites [9] , and a subset of the sites display a specific organization: the asymmetric Twist site (CACATGT) 'points towards' a linked Dorsal site located up to 50 base pairs away ( Figure 1A ,C and Table 2S in the Supplemental data). This arrangement of sites is highly conserved in orthologous enhancer sequences of divergent Drosophilids ( Figure 1B,D) . Different type 2 enhancers contain distinct spacing arrangements of the linked Dorsal and Twist sites; these sites are separated by 6-7 base pairs in the vn and rho enhancers, 11-12 base pairs in the intronic vnd enhancer, and 15 base pairs in the brk and vnd-V enhancers. We have previously shown that this variation in spacing can be responsible for differences in the strength of Dorsal-Twist cooperative DNA binding interactions, and subtle variations in the exact limits of the type 2 expression patterns [10] .
The linkage of Dorsal and Twist sites in type 2 enhancers is evocative of the mammalian enhanceosome, which regulates the expression of the β-interferon gene (β-IFN) . The enhanceosome contains a series of closely linked and precisely spaced binding sites for a series of activators, including NF-κB [11] . Alterations in the spacing or quality of these sites lead to a catastrophic disruption in function. It has been suggested that the precise organization of the enhanceosome is required for optimal cooperative occupancy of the linked binding sites and amplification of weak signals in response to low levels of viral infection (for example [11] ). Thus, it is possible that enhancer structure -a fixed arrangement of binding sites -is required in cases where gene expression depends on limiting amounts of at least one critical activator.
The conserved arrangement of activator elements in the β-IFN enhanceosome and type 2 Dorsal target enhancers is distinct from the situation seen for the even-skipped (eve) stripe 2 enhancer. Stripe 2 is activated by the combination of Bicoid (Bcd) and Hunchback (Hb), which are distributed in broad gradients across the anteriorposterior axis of the early Drosophila embryo (for example [12] ). Stripe 2 enhancer function is retained even when Bcd and Hb binding sites are altered or relocated to new positions within the enhancer [13] . The linkage of Bcd and Hb sites seen in the D. melanogaster stripe 2 enhancer is not conserved in other Drosophilids (Table 2S in the Supplemental data), although it is possible that the enhancer possesses other organizational features such as conserved repressor elements.
The constrained arrangement of binding sites in type 2 Dorsal target enhancers might reflect regulation by limiting concentrations of critical activators, as seen for the β-IFN enhanceosome. To investigate this possibility we compared the concentrations of the type 2 activators with those that regulate the eve stripe 2 enhancer. Quantitative analysis of the expression patterns reveals that the Bcd and Hb activators are not severely limiting [12] . The posterior border of the stripe 2 expression pattern is located in a region of the embryo that contains 11% of the peak levels of the Bcd gradient, and over 50% of peak Hb. By contrast, the dorsal border of the type 2 vn expression pattern is located in a region of the embryo that contains less than 1% of the peak levels of the Twist gradient ( Figure 2A ) [12] .
These observations suggest that there are two extreme modes of binding site organization. Enhancers controlling the expression of β-IFN and type 2 Dorsal target genes function in a highly nonlinear fashion. They have the properties of bipolar junction transistors, which are used in a host of electronic devices to amplify weak signals (Figure 2C,D) . We propose that such enhancers are crucial for the accurate and stable information processing performed by complex biological networks [14] . There is a striking similarity between the signal amplification produced by the transistor and the vein enhancer.
